A scanning ion beam instrument equipped with a gas field ionization source (GFIS) has been developed and commercialized using helium and neon ions [1]. Helium ions have been used mainly for observation, while neon ions have been mainly used for fabrication. The GFIS can emit different ion species by changing its ionization gas, but other noble gas ion species have not been used commercially yet. Heavier noble gases than neon are expected to be suitable for faster fabrication because the sputtering yields of heavier noble gas ions are higher than that of neon ions. On the other hand, the ion currents from a GFIS become larger at lower ion emitter temperatures. Although xenon gas is the heaviest, its boiling point of about 165 K is so high that large ion currents are not expected. In this study, the characteristics of neon, argon, and krypton ion emissions from a GFIS were investigated and compared from the viewpoint of practical fabrication.
A scanning ion beam instrument equipped with a gas field ionization source (GFIS) has been developed and commercialized using helium and neon ions [1] . Helium ions have been used mainly for observation, while neon ions have been mainly used for fabrication. The GFIS can emit different ion species by changing its ionization gas, but other noble gas ion species have not been used commercially yet. Heavier noble gases than neon are expected to be suitable for faster fabrication because the sputtering yields of heavier noble gas ions are higher than that of neon ions. On the other hand, the ion currents from a GFIS become larger at lower ion emitter temperatures. Although xenon gas is the heaviest, its boiling point of about 165 K is so high that large ion currents are not expected. In this study, the characteristics of neon, argon, and krypton ion emissions from a GFIS were investigated and compared from the viewpoint of practical fabrication.
The instrument for characterization of ion emissions from a GFIS is a field ion microscope (FIM) that has been developed for this study. The FIM is equipped with a double cold-stage Gifford-McMahon (GM) refrigerator. The first cold stage of the GM refrigerator is connected to a radiation shield, and the second cold stage is connected to an ion emitter tip holder. The tip can be cooled down to about 24 K with the GM refrigerator. Two sets of temperature controllers with ceramic heaters were installed at the first and second cold stages. The temperatures of the radiation shield and the tip holder can be set independently. A single-crystal tungsten wire was used as the ion emitter material. First, the tungsten wire was electrochemically etched; then the emitter tip was etched to a single atom tip in the FIM chamber using a nitrogen gas etching method [2] . The ionization gas, namely neon, argon, or krypton, was introduced into the vacuum chamber individually. The appropriate voltage required for field ionization was then applied to the tip. The ion emission patterns were observed on a multichannel plate (MCP), and the ion emission currents were detected with a Faraday cup. The emission currents were measured at various temperatures, gas pressures, and ion extraction voltages. The ion emission characteristics were thus investigated and compared. Figure 1 shows the current-voltage characteristics of the neon, argon, and krypton ion emission at a gas pressure of 0.03 Pa. The neon ion emission was stable and maximum at 30 K. The neon ion emission current reached approximately 400 pA at 30 K, which was two orders of magnitude higher than that at about 200 K. The krypton ion emission was maximum at 40 pA at 65 K, which was one order of magnitude lower than that of neon. The current-voltage characteristics of argon were between those of neon and krypton. Figure 2 shows the pressure dependence of the neon, argon, and krypton ion currents. The temperatures were set so that the maximum ion emission currents were obtained at the fixed gas pressures. As the pressure was increased, the ion currents increased for all the ion species. At a gas pressure of 0.06 Pa, the maximum ion current is about 600 pA for neon ions. Table 1 shows a comparison of the characteristics of neon, argon, and krypton. By comparing the values obtained by multiplying the emission current by the sputtering yield, we found that the value for argon is highest. This means that argon ions are expected to be suitable for faster fabrication. On the other hand, the layer damaged by krypton ions in a sample is expected to be much thinner than when using neon or argon ions, and the well-known problem of creating noble gas bubbles in a sample can be suppressed by using krypton ions. We conclude that the argon or krypton GFIS ion beam instrument will be an attractive tool for nanofabrication [3] . 
